Extracts of the white shaft and green leaves of 30 leek cultivars were investigated for their antioxidant properties, total phenolic (TP) and L-ascorbic acid (AA) content. The measured antioxidant properties included free radical scavenging activities against peroxyl (ORAC) and 2,2-diphenyl-1-picrylhydrazyl radicals (DPPH) and their Fe 3+ reducing capacity (FRAP). The results from this study suggest that the green leek leaves generally have significantly stronger antioxidant properties than the white shaft. Correlation analysis between the TP and the AA content and the antioxidant activity showed that phenolics and ascorbic acid contribute significantly to the antioxidant activity of leek. The three antioxidant activity assays were all correlated for the extracts of the white shaft of the 30 leek cultivars. Principal component analysis (PCA) elucidated the influence of part and type of cultivar on the antioxidant capacity, TP, and Lascorbic acid content, whilst the breeding strategy and seed company had no influence.
specific part of the leek production season. In Belgium, the summer leek types are harvested from June until October, the autumn types from September until January and the winter types from December until May. As a result, leek is supplied to the market year-round by combining different production methods and cultivars optimised for growth either in protected conditions or in the field for summer, autumn and winter harvest. Leek is a monocotyledonous plant of the Alliaceae family and is grown in Belgium for its thickened cylindrical white shaft made up of long leaf bases. Leek, normally a biennial crop, is grown as a short-lived annual in commercial cropping (Burt, 2011) . Leek is predominantly a Eurocentric crop (De Clercq, Peusens, Roldan-Ruiz, & Van Bockstaele, 2003) with significant cultivation in Turkey (10000 ha), France (6200 ha), Belgium (4700 ha) and Poland (4800 ha). In 2008, 33,800 ha were dedicated to leek cultivation in Europe. This coverage equates to $0.72 M tonnes (Eurostat, 2010) .
Research on the nutritive and health benefits of leek is scarce but the medicinal value of leek and the other Alliaceae (e.g. garlic and onion), together with their characteristic flavours have been recognised for thousands of years (Augusti, 1990; Carson, 1987; Lawson, Biological Activity. Lawson, & Bauer, 1998) . The Allium genus, which includes about 700 species, has been recognised as a rich source of secondary metabolites (Havey, Galmarini, Gokce, & Henson, 2004) . Its organosulphur compounds, responsible for the organoleptic parameters, are implicated as contributing in part to its health-promoting properties (Lanzotti, 2006; Mostafa, Mima, Ohnishi, & Mori, 2000; Singh et al., 1998; Xiao, Pinto, Gundersen, & Weinstein, 2005; Yin, Hwang, & Chan, 2002) . In addition, a wealth of other classes of compounds, such as polyphenolics including flavonol glycosides are also suggested to contribute to the healthpromoting properties of these species (Lanzotti, 2006) . Several kaempferol glycosides have been reported in leek (Fattorusso, Lanzotti, Taglialatela-Scafati, & Cicala, 2001) . Leek also contains significant levels of lutein, b-carotene, vitamin C and vitamin E (Hart & Scott, 1995; Proteggente et al., 2002) .
The measurement of the antioxidant activity of food products and ingredients is a matter of growing interest. In addition to the presumed association with health benefits, antioxidants may inhibit, retard or ameliorate oxidative spoilage (Huang, Ou, & Prior, 2005; Serrano, Goni, & Saura-Calixto, 2007; Tsoukalas, Katsanidis, Marantidou, & Bloukas, 2011; Zulueta, Esteve, & Frigola, 2009 ). Determination of the total antioxidant capacity cannot be performed accurately by any single method due to the diversity of phytochemicals present and the associated chemical moiety diversity (Chu, Chang, & Hsu, 2000) . Consequently, at least two different methods should be used to evaluate antioxidant potential/capacity.
Several studies have reported correlations among the antioxidant activities measured by different methods, as well as the correlations between those methods and antioxidant concentrations in various food commodities (Teow et al., 2007; Zhou & Yu, 2006) . However, little information is available on antioxidant activity of leek, particularly among the range of European commercial available and less commonly leek cultivars. These data could be of interest for all the leek producing countries.
The aim of this study was to investigate the antioxidant potential of 30 leek cultivars from different types and (breeding) origins and to determine whether this was related to a gross (phenolic) and specific (ascorbic acid) chemical composition. To this end, three distinct antioxidant capacity assays were used: the oxygen radical absorbance capacity (ORAC) assay, the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity assay and the ferric reducing antioxidant power assay (FRAP). The ORAC, DPPH and FRAP results, total amounts of phenolics and the L-ascorbic acid content of the white shaft and green leaves of the leek cultivars were used as descriptors for principal component analysis (PCA) in order to differentiate the analysed leek cultivars.
Materials and methods

Plant material
Thirty leek (Allium ampeloprasum var. porrum) cultivars (Table  1) were studied from a selection based on three criteria: (1) morphological type (pale green summer, dark green winter, intermediate autumn); (2) breeding strategy and multiplication scheme (F1 hybrids, open pollinated cultivars, farmer selections and old landraces); (3) seed company.
The most recently developed cultivars, i.e., the F1 hybrids included in this study, are a good representation of what leek material is commercially grown in the European leek producing areas.
Leek seeds were obtained from the collection of the Institute for Agricultural and Fisheries Research (ILVO). The 30 leek cultivars were sown in triplicate (3 Â 75 seeds) in April 2009 in an unheated greenhouse at ILVO. In June 2009, 15 (Â3) plants of each cultivar were planted, each repetition in a separate row. During for the cultivar optimal harvest period (Table 1) 3 Â 10 plants (of the 15 Â 3) of each cultivar were manually harvested. Immediately after harvest, the leeks were washed, the roots and decayed leaves were removed, and the remainder was divided into white shaft and green leaf sections. The sections were then chopped into $1 cm 2 pieces.
The 10 plants of each replication were pooled. The batches were stored at À80°C (New Brunswick, Rotselaar, Belgium) prior to freeze-drying (5 days, CD-Energie, Eke, Belgium). The freeze-dried samples were milled to pass through a 1-mm sieve (Fritsch, Rotterdam, The Netherlands) and stored in Falcon tubes at 4°C until the time of analysis.
Chemicals
All chemicals were of analytical grade and were purchased from the following: Sigma-Aldrich (UK and Belgium), VWR International (UK and Belgium), Fisher Scientific (UK), Fluka Analytical (Switzerland and UK), Merck (UK and Belgium) and Roche Diagnostics (UK).
Spectrophotometric and spectrofluorometric measurements
ORAC, DPPH and total phenolic analyses were carried out with a FLUOstar OPTIMA plate reader (BMG LABTECH, Offenburg, Germany) equipped with a temperature-controlled incubation chamber. Filters with a wavelength of 485, 520 and 740 nm were purchased from Isogen Life Science (Sint-Pieters-Leeuw, Belgium). The control and evaluation software V2.20 from BMG LABTECH was used for further calculation. The 96 well plates used for the ORAC and DPPH assay and the total phenolic determination were obtained from VWR (UK and Belgium). FRAP analyses were carried out with an Ultraspec 2100 pro (Amersham Biosciences, Buckinghamshire, UK).
Sample preparation
Extraction of the total phenolics in leek was as described by Vinson, Hao, Su, and Zubik (1998) with some slight modifications. Briefly, a precisely weighed (500 mg) amount of freeze-dried leek powder (FDLP) was diluted with 10 ml 1.2 M HCl in 50% aqueous methanol. This mixture was shaken for 2 h at 80°C and centrifuged (4500 rpm, 10 min). The supernatant was used for the total phenolic analysis.
Extracts for ascorbic acid (AA) content determination were prepared by adding 1 ml of 5% metaphosphoric acid (MPA) buffer containing 5 mM tris(2-carboxyethyl)phosphine (TCEP) to an accurately weighed amount (60 mg) of FDLP. In that case, the dehydroascorbic acid (DHA) form of vitamin C was reduced to ascorbic acid and only the AA form of vitamin C was analysed. The samples were vortexed for 3 min, then centrifuged for 10 min at 13,200 rpm at 1°C. An aliquot (400 ll) of the supernatant was transferred directly to HPLC vials and filtered through 0.22 lm filters prior to analysis. Standard solutions of L-ascorbic acid (1-1000 lg ml À1 ) were prepared by dilution of a 1 mg ml À1 solution in 5% MPA containing 5 mM TCEP.
For ORAC and DPPH analysis, extracts were obtained by adding 10 ml of 70% aqueous ethanol solution (v/v) to a precisely weighed amount (500 mg) of FDLP. This mixture was shaken for 2 h on an orbital shaker at 300 rpm (shaker type 3500, GFL, Burgwedel, Germany). The homogenates were centrifuged at 4500 rpm for 10 min (Heraeus Labofuge 400 R, Thermo, Aalst, Belgium) and the supernatants were used for the ORAC and DPPH analysis.
Extracts for FRAP analysis were obtained by adding 2 ml of extraction solvent (acetone-water (70:30) with 0.1% formic acid) to an accurately weighed amount (100 mg) of FDLP. The mixture was vortexed for 15 s and agitated for 2 h using a tube rotator (Stuart Scientific blood tube rotator SB1). The homogenates were centrifuged at 4000 rpm for 15 min (Eppendorf Centrifuge 5810R). An aliquot (1 ml) of the supernatant was centrifuged at 13,200 rpm for another 5 min.
Determination of total phenolic (TP) Content
The TP content was determined according to the Folin-Ciocalteu method (Deighton, Brennan, Finn, & Davies, 2000; Singleton & Rossi, 1965) . However, a drawback with the Folin-Ciocalteu approach is that compounds such as fructose, amino acids and ascorbic acid can contribute to the TP content. Nevertheless, the extraction procedure of Vinson et al. (1998) ensures that the interference of vitamin C with the Folin-Ciocalteu method was not significant. The determination procedure described by Waterman and Mole (1994) was followed with some modifications. An appropriate volume (0.100 ml) of the filtrate was added to 0.5 ml Folin-Ciocalteu reagent (diluted 10Â) in a volumetric flask of 10 ml. After 6 min, 20% Na 2 CO 3 (w/v, 1.5 ml) was added. Filling up to 10 ml with distilled water, the mixture was shaken and reacted for 2 h at room temperature in the dark. Absorbance readings were taken against a blank at 740 nm. The standard curve was made using gallic acid standard solution (100-500 mg/l) under the same procedure as above; the same applied to the blank. Results were expressed as milligrams of gallic acid equivalents per gram of dry weight (mg GAE g À1 dw).
Determination of L-ascorbic acid content
Total L-ascorbic acid content was determined as described by Hancock, Galpin, and Viola (2000) using an HPLC-photodiode array detection approach. Briefly, 20 ll of sample supernatant was injected onto a 300 Â 7.8 mm ID Coregel 64H ion exclusion column (Interaction Chromatography, San Jose, CA, USA) with a 4 Â 3 mm ID carbo-H + guard cartridge (Phenomenex, Macclesfield, UK) maintained at 50°C. The mobile phase was 8 mM H 2 SO 4 at 0.6 ml min
À1
and AA was detected at 245 nm using a Gynkotech UVD 340S diode array detector (Dionex, Camberley, UK). The identification of peak corresponding to AA deduced by their co-elution with standards. Under these conditions, the retention time of AA was 11.70 min.
2.7. Determination of antioxidant capacity 2.7.1. Oxygen radical absorbance capacity (ORAC) assay The ORAC procedure established by Prior et al. (2003) and the application note of Ganske and Dell (2006) was followed. Briefly, to each microplate well, 25 ll Trolox dilution, 25 ll sample dilution or 25 ll 10 mM phosphate buffer (pH 7.4) was pipetted in triplicate for the calibration curve, sample or blank, respectively. One hundred and fifty microlitres of the fluorescein solution (10 nM) was then added to each well. In the next step, the microplate was sealed and incubated at 37°C for 30 min. The fluorescence (Ex. 485 nm, Em. 520 nm) was subsequently determined every 90 s.
After three cycles, 25 ll of 2,2 0 -azobis-2-methyl-propanimidamide dihydrochloride (240 mM) was added manually to each well. Fluorescent measurements were taken up for 90 min. Calculations were based on the area under the fluorescence decay curve (AUC) using formula (1).
CT-cycle time in min, y n -the relative fluorescence unit at cycle n. ORAC values were calculated using a regression equation for a linear regression on the range of 12.5-200 lM Trolox standards.
The net area under the curve was obtained by subtracting the area under the curve for the blank values from the curves of samples and standards. ORAC values were expressed in lmoles Trolox
Equivalents per gram of dry weight (lmol TE g À1 dw).
2,2-Diphenyl-1-picrylhydrazyl (DPPH) assay
The procedure used is essentially as described by Hogan, Zhang, Li, Zoecklein, and Zhou (2009) The relative scavenging capacity of the leek extracts were expressed in lmoles of Trolox Equivalents per gram of dry weight (lmol TE g À1 dw).
Ferric reducing antioxidant potential (FRAP) assay
The ferric reducing power of the leek extracts was determined using the method of Deighton et al. (2000) . Briefly, a 100 ll aliquot of the leek extract (diluted 2Â) was added to 900 ll of FRAP reagent. Thereafter, the procedure was followed as described. The results were compared with the standard curve using FeSO 4 in a range of concentration from 100-1000 lM. The results were expressed as lmoles of ferric reducing/antioxidant power of 1 g freeze-dried leek powder (lmol FeSO 4 g À1 dw).
Statistical analysis
The data are presented as mean ± standard deviation (SD) of 3 measurements (n = 3) and subject to analysis of variance by the SPSS V. 17 statistical programme (SPSS Inc., Chicago, USA). A Pearson correlation test was used to determine the correlations between antioxidant capacity (AC) results, total phenolics and ascorbate content. Differences of p < 0.05 were considered significant. The Scheffé test was performed to analyse the significant differences between data (p < 0.05).
Principal component analysis (PCA) was performed on the results of ORAC, DPPH, FRAP, total phenolics and ascorbate content of the white shaft and the green leaves of the studied leek cultivars using Statistica software (version 10). The PCA was based on correlations and the variances were computed as SS/(nÀ1). The PCA score plot was used to assess the effect of four aspects (leek part, type, breeding category and origin: Table 3 ) on the five analysed parameters (ORAC, DPPH, FRAP, TP and AA).
Results and discussion
Total phenolic and L-ascorbic acid content
All of the leek cultivars tested contained significant levels of phenolics (Table 2 ) and compare favourably against those of the sister species onion (2-30 mg GAE g À1 dw) and garlic (20 mg GAE g À1 dw) (Gorinstein et al., 2009; Kahkonen et al., 1999) . The TP content in the white shaft and green leaves of the 30 leek cultivars varied from 5 to 14 mg GAE g À1 dw and from 5 to 15 mg GAE g À1 dw, respectively. The highest TP content was observed from the white shaft extracts of the cultivars Toledo, Van Limbergen and Artico, and from the extracts of the green leaves of the cultivars Toledo, Zeus F1 and Van Limbergen. The cultivar Toledo showed a significantly higher TP content in the white shaft and green leaves in comparison with the other cultivars. Among the 30 leek cultivars, the whole leek plant of the cultivar Toledo rated highest for mean TP content (14 mg GAE g À1 dw). Proteggente et al. (2002) reported a TP content in the whole leek plant of 22 mg GAE 100 g À1 of fresh weight (fw) and Vandekinderen et al. (2009) a content of 38-56 mg GAE 100 g À1 fw. Our results are expressed in g À1 dw, however, a precise recalculation to 100 g À1 fw is not possible, because the water content was not determined for all the samples. For the samples that were analysed for their water content, the mean water content was 87% in the white shaft and 85% in the green leaves, resulting in a mean water content of 86% in the whole leek plant. Using this conversion factor to convert our results to g À1 fw, the TP contents reported by Proteggente et al. (2002) and Vandekinderen et al. (2009) are much lower than found for the cultivars tested here (74.87-196 .84 mg GAE 100 g À1 fw in the white shaft and 77.13-213.47 mg GAE 100 g À1 fw in the green leaves). These variations could be due to differences among cultivars, growing seasons, agricultural practices and variations in applied total phenolic determinations assays.
The U.S. Department of Agriculture (U.S. Department of Agriculture, 2010) measured the TP content of 277 selected foods. They reported a TP content of 47 mg GAE 100 g À1 fw in the bulb and lower leaves of leek. Again, this TP content is lower than our results. The TP content of leek reported by the USDA was in the same range of iceberg lettuce (50 mg GAE 100 g À1 fw) and celery (42 mg GAE 100 g À1 fw), higher than the TP content of raw carrots (35 mg GAE 100 g À1 fw), raw cucumber (22 mg GAE 100 g À1 fw) and raw onions (23 mg GAE 100 g À1 fw), but lower than the TP content in raw broccoli (316 mg GAE 100 g À1 fw), raw cabbage (202 mg GAE 100 g À1 fw) and raw spinach (205 mg GAE 100 g À1 fw). The leek cultivars Albana, Elefant, Striker F1, Nebraska, Breugel F1, Belton F1, Musselburh, Buelens, Artico, Arkansas, Gavia, Uyterhoeven, Engels and Kenton F1 showed a significantly higher TP content in the green leaves in comparison with the TP content measured in the white shaft. For the other cultivars, there was no significant difference. These results are perhaps in contrast with our expectation that the green leaves in all cases would contain a significantly higher amount of total phenolics in comparison with the white part. Several reports identify a correlation between enhanced polyphenol production and exposure to UV-B radiation (sunlight) in St. John's wort (Germ, Stibilj, Kreft, Gaberscik, & Kreft, 2010) , barley (Kaspar, Matros, & Mock, 2010) and Arabidopsis (Jordan, James, & Mackerness, 1998). Because the green leaves grow above the ground, in contrast with the white shaft, they receive more sunlight radiation and thus, would contain higher TP content. The explanation for why this is not true for some of our analysed leek cultivars could be attributed to other environmental factors and stress conditions that the white shaft can experience (Michalak, 2006) . Besides UV light exposure, insect and microorganism pressure, low temperatures and low nutrient conditions correlates with the synthesis of phenolics and can be responsible for a difference in TP content for the 30 leek cultivars (Duval, Shetty, & Thomas, 1999; Michalak, 2006) . Environmental factors are not the only possible explanation for these differences; the method employed to analyse the polyphenols can also result in varying results. The Folin-Ciocalteu method may also determine other reducing compounds as reducing sugars, which are present in leek. These sugars can interfere in the Folin method if they are present in high concentrations (Vinson, Proch, & Bose, 2001 ). In addition, the Folin-Ciocalteu reagent also reacts with some nitrogen compounds as amino acids (e.g., tyrosine and tryptophan) and amines (Ikawa, Schaper, Dollard, & Sasner, 2003; Peterson, 1979) .
The ascorbate content in the white shaft and green leaves varied from 0.89 to 3.55 mg AA g À1 dw and from 2.77 to 8.52 mg AA g À1 dw, respectively (Table 2 ). In most of the cases the ascorbate levels in the green leaves were significantly higher than those measured in the white shaft, except for the cultivars Alcazar, Belton F1, Pretan F1 and the farmer selection of Van Limbergen, where no significant difference was measured. For some cultivars no detectable ascorbate even appeared to be present using the method described (Electra, Nebraska, Breugel F1 and Tadorna,). The highest total Lascorbic acid content was observed in the white shaft extracts from Fahrenheit F1, Pretan F1 and Alcazar, and in the green leaf extracts of Albana, Fahrenheit F1 and Uyterhoeven. Of all cultivars tested, the whole leek plant of the cultivar Fahrenheit F1 contained the highest mean ascorbate content (5.54 mg ascorbate g À1 dw). Our results of L-ascorbic acid for the white shaft of leek were in the same range as reported by Lundegardh et al. (2008) À1 fw, which is in the same range as our results using the dry weight converter (12-50 mg ascorbate 100 g À1 fw in the white shaft and 39-120 mg ascorbate 100 g À1 fw in the green leaves). Unlike the polyphenols, the vitamin C content of onion (1889 mg 100 g À1 dw) reported by Mota, Luciano, Dias, Barroca, and Guine (2010) was higher than found in leek.
Based on various experiments, Lester (2006) has reported that vegetable and fruit size majorly affects the concentration of available phytonutrients such as b-carotene, ascorbic acid and folic acid. In general, ascorbic acid decreases with increasing size.
In our results, we found a significant but weak negative correlation for the green leaves (r = À0.44, p = 0.05) between the average weight of the leek plant for each cultivar (Table 1) and its ascorbate content.
Antioxidant capacity
The ORAC values (Fig. 1) for the white shaft and green leaves covered significant ranges; 27-88 and 82-135 lmol TE g À1 dw, respectively. The highest ORAC value was observed in the white shaft extracts from the leek cultivars Pretan F1, Uyterhoeven and Van Limbergen and from the green leaf extracts of Electra, Tadorna and Engels. Among all cultivars tested, the whole leek plant of cultivar Uyterhoeven contained the highest mean ORAC value (97.78 lmol TE g À1 dw). In all cases the ORAC values for the green leaves were significantly higher than those measured in the white shaft of leek, except for the cultivar Pretan F1, where no significant difference was measured.
The U.S. Department of Agriculture (2010) Similarly, the associated DPPH values (data not shown) of these cultivars covered the ranges 2-11 and 5-14 lmol TE g À1 dw for the white shaft and green leaves, respectively. The highest DPPH value was observed from the white shaft extracts from Pretan F1, Nebraska and Apollo F1 and from the green leaf extracts of Gavia, Artico and Pretan F1. Among all the cultivars tested, the whole leek plant of the cultivar Pretan F1 contained the highest mean DDPH value (10.88 lmol TE g À1 dw). Generally, the DPPH values for the green leaves were significantly higher than those measured in the white shaft of leek, except for the cultivars Miracle F1, Breugel F1, Poribleu, Pretan F1, Buelens, Apollo F1, Farinto, Arkansas, Kenton F1 and Fahrenheit F1, where no significant difference was measured. Gorinstein et al. (2009) À1 dw for the white shafts and green leaves, respectively. The highest FRAP value was observed from the white shaft extracts from Fahrenheit F1, Pretan F1 and Apollo F1 and from the green leaf extracts of Vervloet, Fahrenheit F1 and Zeus F1. In general, the whole leek plant of the cultivar Fahrenheit F1 contained the highest mean FRAP value (26 lmol FeSO 4 g À1 dw). With the exception of Fahrenheit F1, the FRAP values for the green leaves were significantly higher than those measured in the white shaft of leek. This concurs with Nencini, Menchiari, Franchi, and Micheli (2011) who reported similar conclusions when analysing the bulb, leaves and flowers of four Allium species (A. neopolitanum Cyr., A. Roseum L., A. subhirsutum L. and A. sativum L.). Halvorsen et al. (2002) analysed the total antioxidants in a variety of dietary plants by the reduction of Fe 3+ -Fe 2+ . From this study, it was clear that leek contained more antioxidants than tomato, cauliflower, and cucumber, but less than spinach, broccoli and red cabbage. The DPPH, FRAP and ORAC assays are the most widely used methods for determining antioxidant capacity in vitro. Each antioxidant in a complex sample has a different activity pattern in each method, resulting in different data for each assay. Therefore, to ensure that a sample exhibits significant higher antioxidant capacity, several methods and standards should be used and their results compared The ORAC assay is the only method that takes free radical action to completion and uses the AUC technique for quantification. It combines both inhibition percentage and the length of inhibition time of the free radical action by antioxidants into a single value (Prior & Cao, 1999) . The ORAC assay is considered to be a preferable method because of its biological relevance to the in vivo antioxidant efficacy (Gu, House, Wu, Ou, & Prior, 2006) .
The DPPH assay is simple to use, but has some disadvantages that limit its application. Many antioxidants that react rapidly with peroxide radicals may have a very slow reaction to DPPH or may even be inert to it (Huang et al., 2005; Kurechi, Kikugawa, & Kato, 1980) . FRAP is the only assay that directly measures antioxidants in a sample. The other assays are indirect because they measure the inhibition of reactive species (free radicals) generated in the reaction mixture, and these results also depend strongly on the type of reactive species used. The FRAP assay uses antioxidants as reductants in a redox-linked colorimetric reaction (Halvorsen et al., 2002) . One disadvantage with the FRAP assay is that this assay does not react with thiols, because the reduction potential for thiols are generally below that of Fe 3+ /Fe 2+ half-reaction. Vegetables from the Alliaceae family contain a high number of sulphur-containing compounds. In the study of Cao, Alessio, and Cutler (1993) garlic had the highest antioxidant activity, analysed by the ORAC assay, while Halvorsen et al. (2002) showed that it had a very low ferric reducing potential. In general, the white shaft of leek contained on average 8 mg GAE g À1 dw, 2 mg L-ascorbic acid g À1 dw, and had an antioxidant activity of 57 lmol TE g À1 dw (ORAC), 9 lmol Fe 2 SO 4 g À1 dw (FRAP) and 6 lmol TE g À1 dw (DPPH). The green leaves contained in average 9 mg GAE g À1 dw, 5 mg L-ascorbic acid g À1 dw, and had an antioxidant activity of 101 lmol TE g À1 dw (ORAC), 27 lmol Fe 2 SO 4 g À1 dw (FRAP) and 9 lmol TE g À1 dw (DPPH). Among the 30 leek cultivars, the cultivar Pretan F1 gave the best results for the antioxidant capacity in the white shaft and green leaves of the leek cultivars, followed by Uyterhoeven and Apollo F1. The cultivars Toledo, Fahrenheit and Van Limbergen contained the highest amount of total phenolics and ascorbate.
Correlation
To explore the influence of the gross phytochemical constituents on antioxidant capacity in leek extracts, we determined the correlation between the antioxidant capacity and antioxidant substances (ascorbic acid and total phenolics). The correlation coefficients for the white shaft and green leaves are shown in Table 3 .
Results of the ORAC and FRAP assay were positive but weakly correlated to the phenolic compound concentration (r = 0.307 (p < 0.05) and r = 0.253 (p < 0.05), respectively), and the results of the three AC assays were all significantly correlated with the Lascorbic acid content in the white shaft of leek (FRAP: r = 0.684, ORAC: r = 0.377, DPPH: r = 0.254, p < 0.05). A positive and stronger correlation was detected between the results of the three antioxidant capacity assays done on the extracts of the white shaft of leek. The highest correlation was found between the ORAC and FRAP (r = 0.783: p < 0.05), followed by ORAC vs. DPPH (r = 0.649: p < 0.05) and FRAP vs. DPPH (r = 0.649: p < 0.05). Thaipong et al. (2006) also detected a high correlation among DPPH, ORAC and FRAP in guava fruits.
Results of the ORAC and FRAP assay were significantly correlated to the phenolic compound concentration in the green leaves of leek: r = 0.275 (p < 0.05) and r = 0.213 (p < 0.05), respectively. Results of the FRAP assay and TP content were significantly correlated to the L-ascorbic acid concentration in the green leaves of leek, r = 0.580 (p < 0.05) and r = 0.220 (p < 0.05) respectively. No statistically significant correlation was detected between the results of the three antioxidant capacity assays done on the extracts of the green leaves of leek.
In conclusion, the antioxidant capacity of leek extracts measured by the three AC assays appears to be influenced by the AA levels in the white shaft of leek plant, but only the results of the FRAP and ORAC assays could be correlated to the TP content of the whole plant.
Principal component analysis (PCA)
PCA was applied on the whole data set of the 30 leek cultivars. The loadings, eigenvalues and percentage of cumulative variance are shown in Table 4 . The dimensionality of the data was reduced from 5 partially correlated variables to 2 uncorrelated principal components, PC1 and PC2, accounting for 80.3% of the variation. The absolute value of the loadings is an indicator of the participation of the analysed parameters in the PCs (Helena et al., 2000) . PC1 correlates inversely with the variables in the decreasing order FRAP > ORAC > DPPH > ascorbate > total phenolics, whilst PC2 highly correlates with the total phenolics. The graphic representation of the scores and loadings is shown in Fig. 2a and b, respectively. The relationships between the analysed parameters and also similarities or differences between the white shaft and green leaves of the 30 cultivars can be detected through investigation of this PCA plot. FRAP, ORAC and DPPH were the features with negative loadings on PC1 and PC2. These parameters were significantly correlated with each other which could be seen from the PCA plot (Fig. 2) and the Pearson correlation coefficients (Table 3) . Total phenolics and ascorbate were the features with negative loadings on PC1 and positive loadings on PC2. These two parameters were also significantly but weakly correlated what could be seen from the PCA plot (Fig. 2) and the Pearson correlation coefficients (Table 3) .
The PCA plot convincingly segregated the white shaft and the green leaves on the basis of the ascorbate content, AC and to a lesser extent the TP content. More specifically, the green leaves of the 30 leek cultivars possesses a higher AC and a higher content of ascorbate and TP. Although, the green leaves of Miracle F1 were located close to the white shaft cluster, whilst the white shaft of Pretan F1 was located in the green leaves cluster.
The white shaft and green leaves of cultivar Toledo, an old landrace, were clearly differentiated from the other cultivars by their higher TP content. The results of the white shaft and green leaves of the cultivars Poribleu and Tadorna, two open pollinated cultivars, were separated from the other cultivars as a result of their lower TP content. The green part of Zeus F1, Van Limbergen and Farinto is clearly different from the green leaves of the other cultivars.
The score plot (Fig. 2a) showed a clear segregation of the summer, autumn and winter leek types. The white shaft of cultivar Musselburh, a winter type, overlapped with the autumn types, while cultivar Alcazar, an autumn type overlapped with the winter types. Loadings of all analysed parameters indicated that the leek cultivars with high L-ascorbic acid and TP content are situated in the upper, left side of the scores plot and the cultivars with high antioxidant capacity in the bottom, left side. More specific for the white part, the summer cultivars contained a lower AC in comparison with the autumn and winter cultivars. The autumn cultivars, on the other hand, contained a lower TP and ascorbate content in comparison with the summer and winter cultivars. In general, the white shaft of the winter leek cultivars gave the highest results for the TP and ascorbate content and the AC values. The data of the green leaves, on the other hand, revealed that the summer and winter cultivars gave the highest results for the TP and ascorbate content and the AC values.
Genetic background can play a role in the antioxidant content, but also abiotic factors (temperature, water, radiation), biotic factors (pathogens) and man-related factors (pollution), to which the plants are subjected (Mazid, Khan, & Mohammad, 2011) . These factors may partly explain the different accumulation patterns of health-related compounds between the summer, autumn and winter leek, harvested in the respectively period. Stress conditions, such as cold day/night temperature, could be the reason for the (a) (b) Fig. 2 . PCA plot of the scores (a) and loadings (b) of the white shaft and green leaves of 30 leek cultivars with summer, autumn and winter types, higher antioxidant values in the winter types. Boo, Heo, Gorinstein, and Chon (2011) reported an increase of the antioxidant capacity when lettuce was grown at low day/night temperatures in comparison with growth at higher temperatures. Exposure to increased UV-B light could be the reason for the high health-related compounds in the leaves of the summer types. Notably, all studies dealing with high UV stress found an increase in antioxidants, and especially phenolics concentration in various crops (Wang & Frei, 2011) . Flavonoids, one of the largest classes of plant phenolic, protect plant cells from UV-B radiation because they accumulate in epidermal layers of leaves and stems and absorb light strongly in the UV-B region while letting visible (PAR) wavelengths throughout uninterrupted (Lake, Field, Davey, Beerling, & Lomax, 2009 ). In addition, exposure of plants to increased UV-B light has demonstrated to increase the synthesis of flavones and flavonols. Rodrigues, Perez-Gregorio, Garcia-Falcon, SimalGandara, and Almeida (2011) observed higher levels of flavonols in onion samples grown in years with higher solar radiation and lower rainfall during the growing season. It is known that cherry tomato plants grown under high light conditions accumulated approximately double their normal content in soluble phenols than plants grown under low light intensity (Wilkens, Spoerke, & Stamp, 1996) .
Compared to phenolics, fewer studies have investigated the effects of stress on ascorbate concentrations in harvested products, and the results were more contradictory, which may be explained by the complexity of the ascorbate metabolism in plants (Wang & Frei, 2011) .
It can be concluded that the autumn leek types are probably less exposed to stress conditions and contain by result less secondary metabolites than the summer and winter types.
The leek cultivars could be differentiated by PCA on the basis of the leek part and leek type, but they could not be segregated with PCA on the basis of breeding strategy (hybrids, open pollinated cultivars, farmer selections and old land races) and seed company (PCA data not shown).
Conclusions
Statistically significant differences were observed among the leek cultivars in terms of antioxidant capacity, TP and ascorbate content. The antioxidant capacity of the leek extracts was influenced by the part and type of cultivar to a large extent, whilst the manner of breeding and seed company had no influence on the antioxidant properties. The green leaves of the 30 leek cultivars possess stronger antioxidant properties than the white shaft. The white shaft of the summer cultivars contained a lower AC in comparison with the autumn and winter cultivars. The autumn cultivars, on the other hand, contained a lower TP and ascorbate content in comparison with the summer and winter cultivars. In general, the white shaft of the winter cultivars contained the highest TP and ascorbate content and the strongest AC. The green leaves of the summer and winter cultivars contained higher antioxidant properties in comparison with the green leaves of the autumn cultivars. This can be explained by their genetic background, but stress factors such as temperature, solar radiation, and pathogens to which the plants are subjected, may also partly explain the different accumulation patterns of health-related compounds between the summer, autumn and winter leek. However, an understanding of the influence of environmental factors and their interactions with agricultural practices in relation to antioxidants present in leek is still lacking. Further studies will help to elucidate effects of genotype, growth stage and production environment on antioxidant capacities and may lead to recommended practises to maximise the antioxidant properties of leek. For example, we are currently specifically investigating the effect of harvest time on the content of health-related compounds in a selected set of leek F1 hybrids.
